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Abstract. We investigate atomic hydrogen (H) variability from the mesopause to the upper 12 
thermosphere, on time scales of solar cycle, seasonal, and diurnal, using measurements made by 13 
the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument on 14 
the Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED) satellite, and 15 
simulations by the National Center for Atmospheric Research Whole Atmosphere Community 16 
Climate Model - eXtended (WACCM-X). In the mesopause region (85 to 95 km), the seasonal 17 
and solar cycle variations of H simulated by WACCM-X are consistent with those from SABER 18 
observations: H density is higher in summer than in winter, and slightly higher at solar minimum 19 
than at solar maximum. However, mesopause region H density from the Mass-Spectrometer-20 
Incoherent-Scatter (NRLMSISE-00) empirical model has reversed seasonal variation compared 21 
to WACCMX and SABER. From the mesopause to the upper thermosphere, H density simulated 22 
by WACCM-X switches its solar cycle variation twice, and seasonal dependence once, and these 23 
changes of solar cycle and seasonal variability occur in the lower thermosphere (~ 95 to 130 24 
 2 
km); whereas H from NRLMSISE-00 does not change solar cycle and seasonal dependence from 25 
the mesopause through the thermosphere. In the upper thermosphere (above 150 km), H density 26 
simulated by WACCM-X is higher at solar minimum than at solar maximum, higher in winter 27 
than in summer, and also higher during nighttime than daytime. The amplitudes of these 28 
variations are on the order of factors of ~10, ~2, and ~ 2, respectively. This is consistent with 29 
NRLMSISE-00.  30 
  31 
 3 
1. Introduction 32 
Atomic hydrogen (H) is one of the members of the odd hydrogen (HOx) family (HOx 33 
=H+OH+HO2). The HOx family members are produced in the atmosphere by dissociation of 34 
H2O, H2, and CH4. $WDOWLWXGHVIURPWKH(DUWK¶VVXUIDFHWRDERXWNPWhe lifetime of the HOx 35 
family is significantly shorter than the time scales of transport [Brasseur and Solomon, 2005]. In 36 
the mesopause region (~ 85 ± 100 km), the lifetime of HOx (> 1 day) becomes comparable to or 37 
larger than transport time scales and, therefore, transport effects are important. In the 38 
mesosphere, H participates in a highly exothermic reaction with ozone (O3) that generates highly 39 
YLEUDWLRQDOO\H[FLWHGK\GUR[\O2+ZKLFKHPLWVDWWKH0HLQHOEDQGaȝP0HDVXUHPHQWRI40 
this OH radiation enables the H density to be inferred by remote sensing [e.g., Thomas, 1990; 41 
Kaufmann et al., 2013; Mlynczak et al., 2014].  42 
In the thermosphere (~ 100 ± 600 km), atomic hydrogen becomes the dominant species of the 43 
HOx family. H is a minor species in the thermosphere, but becomes increasingly important 44 
towards the upper thermosphere. Its concentration can be estimated by solving the hydrogen 45 
continuity equation, with contributions from horizontal and vertical advection, photochemical 46 
production and loss, eddy diffusion, and molecular diffusion. In the thermosphere, chemical 47 
production and loss are primarily the result of the following charge exchange reactions: 48 
                                      ܪା+O௞ଵO?ܱ ା ൅ ܪǡ ܱା ൅ ܪ ௞ଶO?ܪା ൅   49 
where k1 and k2 are temperature dependent chemical reaction rates. Another charge exchange 50 
reaction is between H and H+, which can influence hydrogen kinetics and escape processes 51 
[Chamberlain and Hunten, 1987]. However, these changes due to charge exchange reactions 52 
have a relatively small effect on the total hydrogen budget in the thermosphere, compared with 53 
changes from dynamics.  54 
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Beyond the thermosphere, H becomes the dominant atmospheric constituent in the 55 
exosphere, where it scatters the sunlight at Lyman-Įc and produces the luminous diffuse 56 
cloud known as the geocorona, extending out to several Earth radii. Ground-based observations 57 
of optical emissions, typically the faint H Balmer-Į emission at 6563 Å, and space-based 58 
measurements of bright H Lyman-Į emission at 1216 Å have been used to infer geocoronal H 59 
abundance [e.g., Anderson et al., 1987; Bush and Chakrabarti, 1995; Bishop et al., 2001; Qin and 60 
Waldrop, 2016; Qin et al., 2017]. In addition, charge exchange reactions of H with hydrogen and 61 
oxygen ions in the geocorona influence both the ionosphere and plasmasphere and enable 62 
energetic neutral atom imaging of the ring current.  63 
Measurements of H are scarce. There is a long-standing lack of direct, mass spectrometer 64 
measurements of H abundance. Knowledge about the H distribution is based primarily on 65 
ground-, rocket-, and satellite-based remote sensing techniques [e.g., Sharp and Kita, 1987; 66 
Thomas, 1990; Bishop, 2001; Mierkiewicz et al., 2006, 2012; Kaufmann et al., 2013; Waldrop 67 
and Paxton, 2013; Qin and Waldrop, 2016; Qin et al., 2017]. In the mesopause region, 68 
observation of H is difficult from orbiting satellites or by in situ remote sensing techniques 69 
because there are no directly observable thermal infrared or visible transitions associated with H 70 
to facilitate its measurement. Consequently, H specification in the NRL Mass-Spectrometer-71 
Incoherent-Scatter (NRLMSISE- KHUHDIWHU VLPSO\ ³06,6´) empirical model [Picone et al., 72 
2002, and references therein] is still largely based on the Atmosphere Explorer (AE) satellite 73 
measurements of H+ and O+ densities, and neutral atomic oxygen density near and above 250 74 
km. The H distribution is inferred under the assumption of charge exchange equilibrium at these 75 
heights. Extension of the hydrogen vertical profile to altitudes below 250 km is based on a 76 
diffusive equilibrium assumption with ad hoc adjustments for flow and chemistry effects, which 77 
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can lead to errors in H of a factor of 2 or larger [e.g., Bishop, 2001]. For example, the MSIS H 78 
profile differs in shape and is lower in magnitude over most altitudes than the H profiles 79 
retrieved from ground-based nighttime hydrogen emission observations [Bishop et al., 2001; 80 
Bishop et al., 2004]; forward modeling using the MSIS model extended to exospheric altitudes 81 
using the Bishop analytic model indicate discrepancies in the underlying H distribution for both 82 
solar minimum and maximum conditions [Nossal et al., 2012]; and MSIS appears to 83 
overestimate upper thermospheric H density compared to the H density retrieved from the Global 84 
Ultra-Violet Imager (GUVI) onboard the TIMED satellite during daytime conditions, by 42-74% 85 
at solar maximum and 36-67% at solar minimum [Waldrop and Paxton, 2013].  86 
As discussed above, H is produced by physical and chemical processes lower in the 87 
atmosphere that involve greenhouse gases (H2O and CH4); H produces H+ through charge 88 
exchange reactions, and this H+ is an important source of H+ in the magnetosphere and 89 
plasmasphere; in addition, the escape of H above WKHH[REDVHLVWKHSURFHVVE\ZKLFKWKH(DUWK¶V90 
water is eventually lost. Therefore, understanding H and its variability will better advance our 91 
understanding of WKH(DUWK¶VFOLPDWHWKHPDJQHWRVSKHUHDQGSODVPDVSKHUHDQGWKH(DUWK¶VZDWHU92 
budget. Thus, it is important to advance our current understanding of hydrogen variability and 93 
improve the empirical specification of hydrogen variability in MSIS.  94 
Here, we investigate this atomic hydrogen variability from the mesopause region to the upper 95 
thermosphere, on solar cycle, seasonal, and diurnal time scales, using data and model 96 
simulations. We use atomic hydrogen data derived from the measurements made by the 97 
Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument on the 98 
Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED) satellite [Mlynczak et al., 99 
2014]. The H data derived from ongoing SABER measurements, starting in 2002, span more 100 
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than a solar cycle, providing an unprecedented long-term hydrogen dataset in the mesopause 101 
region. Atomic hydrogen and the other HOx species are included in the National Center for 102 
Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model - eXtended 103 
(WACCM-X) [Liu et al., 2010; Liu et al., 2017; J. Liu et al., 2017], providing a global model 104 
simulation of HOx chemistry and transport. We also compare these observational and modeling 105 
results with atomic hydrogen specified by MSIS. Section 2 gives brief descriptions of the data 106 
and the model; section 3 presents hydrogen variability; section 4 provides some further 107 
discussion of the hydrogen variability; and section 5 concludes the study. 108 
 109 
2. Data and Model 110 
2.1 TIMED/SABER Atomic Hydrogen  111 
Atomic hydrogen abundance is derived from the SABER measurement of the OH volume 112 
HPLVVLRQ UDWHQHDUȝP IRUERWKGD\DQGQLJKW LQ WKHPHVRSDXVH UHJLRQ a ± 100 km). 113 
SABER observes vertical profiles of spectrally integrated limb radiance (W/m2/sr). The SABER 114 
instrument is extremely sensitive and measures the limb radiance profile at high precision in the 115 
mesopause region, with peak signal-to-noise ratios of 100 to 1000 at night [Mlynczak et al., 116 
2013], and peak signal-to-noise ratios of 20 to 250 during daytime [Mast et al., 2013]. 117 
Approximately 1500 limb radiance profiles are recorded in a 24 h period. The SABER OH 2.0 118 
ȝPYROXPHHPLVVLRQUDWH9LVGLUHFWO\UHODWHGWRWKHUHDFWLRQRIK\GURJHQDQGR]RQH+\GURJHQ119 
concentration is derived based on the excited OH chemical system model [Mlynczak et al., 2014] 120 
that is also used to retrieve nighttime atomic oxygen [e.g., Smith et al., 2010; Mlynczak et al., 121 
2013]. At night, atomic H number density is derived assuming that photochemical balance exists 122 
between the production of O3 by atomic and molecular oxygen three-body recombination and the 123 
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loss of O3 by reaction with H; the retrieval uses the density of atomic oxygen, the O3 (from 124 
6$%(5PHDVXUHPHQWVRIȝPHPLVVLRQDQG the temperature (retrieved independently from 125 
6$%(5  ȝP PHDVXUHPHQWV). During the day, O3 production by the atomic and molecular 126 
oxygen three-body recombination is balanced by photolysis of O3 in the Hartley band. From this 127 
balance, daytime O is derived using SABER daytime ozone, temperature, and pressure [e.g., 128 
Smith et al., 2010]. Daytime H is then directly derived from the OH volume emission rate using 129 
the SABER daytime O, O3, and temperature, and pressure. The latter two parameters are used to 130 
derive total number density, N2, and O2 densities. For both day and night, a profile of H is 131 
derived for each measured limb radiance profile. For the SABER H retrieval, day is defined as 132 
the case when solar zenith angles are less than 85°, night is defined as having solar zenith angles 133 
greater than 95°. Please refer to Mlynczak et al., 2014 for a detailed description of SABER day 134 
and night hydrogen retrieval. These individual profiles of H are available from the SABER data 135 
archive as routine products. In this paper, we will focus on the region between ~ 85 km and 95 136 
km. Below ~ 85 km, the SABER day ozone possessing has a daytime high bias near 80±85 km 137 
[Smith et al., 2013], which results in a smaller than actual H concentration; above ~ 95 km, there 138 
are also uncertainties in the daytime ozone abundance [Mlynczak et al., 2014]. 139 
 140 
2.2 WACCM-X 141 
The Whole Atmosphere Community Climate Model (WACCM) is one of the atmospheric 142 
models that make up the NCAR Community Earth System Model (CESM). CESM is a coupled 143 
model consisting of atmosphere, ocean, land surface, sea and land ice, and carbon cycle 144 
components for simulating past, present, and future climates. These components are linked 145 
through a coupler that exchanges fluxes and state information among them. More detailed 146 
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information on CESM can be found at http://www.cesm.ucar.edu/. WACCM is a whole 147 
atmosphere climate-chemistry general circulation model developed at NCAR. It is based upon 148 
the infrastructure of the Community Atmosphere Model (CAM), which is the atmospheric 149 
component of CESM, with vertical domain extending to 5.9 x10-6 hPa (~ 140 km geometric 150 
height). The chemistry module of WACCM is interactive with dynamical transport and 151 
exothermic heating [Kinnison et al., 2007]. WACCM chemistry is based on the MOZART model 152 
[Kinnison et al., 2007], which includes all of the reactions that are known to be important for the 153 
middle and upper atmosphere, including all the odd hydrogen chemistry in this region. 154 
Tropospheric source gases for the members of the hydrogen, chlorine, bromine, nitrogen, and 155 
hydrocarbon families vary with season and year based on changing emissions and other factors 156 
[Emmons et al., 2010]. The model simulates 74 chemical species, representing the gas-phase, 157 
heterogeneous, and photolytic reactions that link them. Photochemistry associated with ion 158 
species (O+, NO+, O2+, N2+, N+, and metastable O+ states) is part of the chemistry package. 159 
Details of WACCM can be found in Garcia et al. [2007], Smith et al. [2011], and Marsh et al. 160 
[2013]. WACCM extended into the ionosphere/thermosphere (called WACCM-X) has a top 161 
boundary at the upper thermosphere (4.5x10-10 hPa, or ~700 km).  Details of an earlier version of 162 
WACCM-X can be found in Liu et al. [2010]. Recently we have developed a more self-163 
consistent ionosphere module for WACCM-X that includes the computation of electron and ion 164 
temperatures, an interactive electric wind dynamo, and O+ transport in the ionospheric F-region. 165 
WACCM-X now produces ionospheric structures that are in good agreement with observations 166 
[Liu et al., 2017; J. Liu et al., 2017]. The dynamical core of the model has been recently 167 
improved to represent the species dependency of specific heats and mean atmosphere mass in the 168 
thermosphere. WACCM-X can be configured either for free-running climate simulations (lower 169 
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atmosphere unconstrained), or with the lower-middle atmosphere constrained by meteorology. In 170 
this study, we employ WACCM-X in the free-running climate simulation configuration. 171 
 172 
2.3. The MSIS Empirical Atmosphere Model  173 
  We use the latest version of the MSIS series of models, NRLMSISE-00 [Picone et al., 174 
2002]. NRLMSISE-00 extends from the ground to the exobase. The model consists of analytic 175 
formulations for the vertical structure of the atmosphere as a function of geophysical location, 176 
time, solar activity, and geomagnetic activity, based on our physical understanding of the 177 
atmosphere [Hedin, 1987]. The datasets that are used to fit those analytical formulations include 178 
total mass density from satellite accelerometers and orbit determination, temperature from 179 
incoherent scatter radars, and O2 number density from solar ultraviolet occultations measured by 180 
the Solar Maximum Mission. The model provides altitude profiles of temperature T(z), number 181 
densities of species (He, O, N2, O2, Ar, H, N) in equilibrium at the temperature T(z), total mass 182 
GHQVLW\DQGWKHQXPEHUGHQVLW\RIDKLJKDOWLWXGHµµDQRPDORXVR[\JHQ¶¶FRPSRQHQWRIWRWDOPDVV183 
density that is not in thermal equilibrium at T(z). H specification in the model is based on AE 184 
measurements of H+ and O+ densities, and neutral atomic oxygen density near and above 250 km 185 
under the assumption of charge exchange equilibrium at thermospheric heights [Brinton et al., 186 
1975; Waldrop et al., 2006]. Extension of the hydrogen vertical profile to altitudes below is 187 
based on diffusive equilibrium with adjustments for flow and chemistry effects. Please refer to 188 
Picone et al. [2002] and references therein for the detailed description of the model. 189 
 190 
3. Results 191 
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WACCM-X uses a parameterization scheme to specify EUV (Extreme Ultra-Violet) and X-192 
ray irradiance from 0.05 nm ± 121 nm, which takes as input the F10.7 (10.7 cm solar radio flux) 193 
and F10.7a (81-day average F10.7) [Solomon and Qian, 2005]. The specification of solar spectral 194 
irradiance from Lyman-ĮQPWRWKHQHDULQIUDUHGuses the empirical model of Lean et al. 195 
[2005]. We ran WACCM-X for solar minimum (F10.7=70) and solar maximum (F10.7=200) 196 
conditions. Geomagnetic activity was set to be quiet for solar minimum conditions (Kp=1) and 197 
moderate for solar maximum conditions (Kp=3). These runs were free-running climate 198 
simulations with the lower atmosphere unconstrained. In each case, the model was run for two 199 
years, the first year to allow the model to fully equilibrate, and the second year to obtain results 200 
for analysis.  201 
The model-simulated atomic hydrogen abundance was compared to the atomic hydrogen 202 
abundance retrieved from SABER observations in the mesopause region (~ 85 ± 95 km), as well 203 
as to the atomic hydrogen calculated by MSIS in this region and in the thermosphere. The 204 
comparisons were made for both atomic hydrogen volume mixing ratio (vmr) and number 205 
density. Using either volume mixing ratio or number density does not qualitatively change the 206 
results.  207 
Figure 1 shows the global and annual average hydrogen from SABER in vmr (figure 1a) and 208 
in number density (figure 1c), for 2003 and 2008, and the corresponding H abundance simulated 209 
by WACCM-X under solar minimum and maximum conditions (figures 1b, 1d). It is evident that 210 
above ~ 85 km, which is the mesopause region that we focus on in this paper, there is more H at 211 
solar minimum than at solar maximum, in both vmr and number density. The solar cycle 212 
variability of SABER H density in this region is on the order of ~ 10%, on a global average 213 
basis. Similarly, the H vmr and number density simulated by WACCM-X show the same relation 214 
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with solar activity in the 85-95 km altitude range, although with a smaller magnitude, at ~ 5% on 215 
a global average basis for H density. This is interesting since the primary source of hydrogen in 216 
this region is the photolysis of H2O at Lyman-Į, and Lyman-Į irradiance increases 217 
proportionally to solar activity. The observed and modeled solar cycle changes are small, 218 
especially compared to the uncertainties involved in estimating H from SABER data. The 219 
absolute uncertainties in SABER H density estimation stem from uncertainties in the O and O3 220 
determination, and HOx chemistry rate coefficients. The uncertainties for the day and night 221 
retrieval of hydrogen are comparable, at ~ 35% [Mlynczak et al., 2014]. However, it is important 222 
to note that when looking at temporal variability of atomic hydrogen, the uncertainties of H 223 
retrieval are always in the same direction. If the retrieved H is too large at solar maximum, then 224 
it is also too large at solar minimum, and these uncertainties cancel to first order [Mlynczak et 225 
al., 2014]. Since the solar cycle variation is subtle, and requires a stable measurement over ~11 226 
years, the strongest conclusion we can draw from the data-model comparison is that they are 227 
qualitatively consistent. 228 
Figure 2 shows the global annual average H number density profiles from the mesopause to 229 
the upper thermosphere, specified by MSIS and simulated by WACCM-X, under solar minimum 230 
(F10.7=70) and solar maximum conditions (F10.7=200). The H density specified by MSIS (figure 231 
2a, 2c) has an inverse relation with solar activity from the mesopause region to the upper 232 
thermosphere, whereas the solar activity dependence of H density simulated by WACCM-X 233 
(figures 2b, 2c, 2d) changes sign twice: in the mesopause region ~ 85 ± 95 km, there is more 234 
hydrogen at solar minimum than at solar maximum (consistent with SABER), on the order of ~ 235 
5%; in the lower thermosphere ~ 95 ± 130 km, there is more hydrogen at solar maximum than at 236 
solar minimum (figures 2c and 2d), on the order of ~ 10%, and then above ~ 130 km, there is 237 
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significantly more hydrogen at solar minimum than solar maximum (consistent with MSIS), and 238 
the solar cycle amplitude is a factor of ~ 10 from both WACCM-X and MSIS.  The inverse 239 
relation between hydrogen density and solar activity in the upper thermosphere is supported by 240 
the H density derived from the Lyman alpha radiance measurements by GUVI [Waldrop and 241 
Paxton, 2013; Qin and Waldrop, 2016; Qin et al., 2017]. We also conducted simulations using 242 
the NCAR global mean (GLBM) version of the TIME-GCM (Thermosphere Ionosphere 243 
Mesosphere Electrodynamics General Circulation Model) [Roble et al., 1987; Roble and Ridley, 244 
1994]. The results are shown in figure 2b as the dashed line. It is evident that the solar cycle 245 
variability of H density simulated by GLBM is qualitatively consistent with the results from 246 
WACCM-X: in the lower thermosphere ~ 95 ± 130 km, H density is larger at solar maximum 247 
than at solar minimum (figures 2b and 2d); above ~ 130 km, H density at solar minimum is 248 
larger than the H density at solar maximum. By 300 km, it is 10 times larger (figure 2b). 249 
Although there is no observational evidence yet that the solar cycle variability of H density in the 250 
95±130 km altitude range is different from the solar cycle variability in the upper thermosphere, 251 
the qualitative agreement between GLBM and WACCM-X is significant and is worth exploring 252 
further in the future. 253 
The TIMED satellite executes a 180-degree rotation about its yaw axis every 60 days to keep 254 
the Sun from illuminating the thermal radiators of the instruments onboard the satellite; 255 
observational local times shift thrRXJK D \DZ SHULRG GXH WR WKH HDUWK¶V RUELWDO SUHFHVVLRQ EXW256 
almost all local times (day and night) are sampled within each yaw period. We calculate yaw-257 
cycle averaged atomic hydrogen vmr in order to examine the seasonal variability of atomic 258 
hydrogen. Figure 3 shows yaw-cycle averaged H vmr derived from SABER measurements, 259 
representing the December (the yaw cycle 2002325 ± 2003015) and June solstices (the yaw cycle 260 
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2003142 ± 2003198) under solar maximum conditions, and the December (the yaw cycle 261 
2007323 ± 2008013) and June solstices (the yaw cycle 2008140 ± 2008195) under solar 262 
minimum conditions. It is evident that, in both the December and June solstices, and under both 263 
solar minimum and maximum conditions, hydrogen vmr in the mesopause region (~ 85 ± 95 km) 264 
is larger in the summer hemisphere than in the winter hemisphere.  265 
Figure 4 shows 2-month averaged zonal-mean hydrogen vmr simulated by WACCM-X, 266 
representing the December and June solstices under solar maximum (F10.7=200) and minimum 267 
(F10.7=70) conditions. Above ~ 85 km, the seasonal distribution of the simulated hydrogen is 268 
consistent with the observed seasonal variability: H vmr is larger in the summer hemisphere than 269 
it is in the winter hemisphere. The magnitudes of the observed and simulated H vmr are also in 270 
good agreement.  271 
MSIS gives H vmr in the upper thermosphere (~ 300 km) that is larger in winter than in 272 
summer (figure 5a). This is consistent with our knowledge of the seasonal distribution of lighter 273 
species; for example, the often-observed winter helium bulge phenomenon [e.g., Reber et al., 274 
1968; Keating and Prior, 1968; Kockarts, 1972]. So, the question is: at which altitude does H 275 
change its seasonal variation, from being larger in summer than in winter in the mesopause 276 
region, to being larger in winter than in summer in the upper thermosphere?  277 
Figure 5 shows the zonal-mean hydrogen vertical profiles at 50oS and 50oN, representing the 278 
December and June solstices, under solar maximum (F10.7 = 200) and geomagnetically quiet 279 
conditions, that are specified by MSIS and simulated by WACCM-X. The corresponding 280 
SABER zonal-mean hydrogen vmr vertical profiles are also shown.  For both the December and 281 
June solstice conditions, the seasonal distribution of MSIS H indicates concentrations that are 282 
larger in winter than in summer, from the mesopause to the upper thermosphere. Therefore, in 283 
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the mesopause region, the summer-winter distribution of H in MSIS contradicts the results from 284 
SABER observations (figures 5a, 5c). On the other hand, in the mesopause region, the WACCM-285 
X-simulated H vmr shows a seasonal distribution that is consistent with the results from SABER 286 
observations (figures 5b, 5d): H vmr is larger in summer than in winter, although the WACCM-287 
X-simulated H vmr is smaller than the H vmr estimated by SABER in the winter hemisphere. 288 
The WACCM-X-simulated seasonal distribution of H vmr switches sign from a summer 289 
maximum to a winter maximum at ~ 130 km.  Above ~ 130 km, the seasonal dependence of H 290 
vmr simulated by WACCM-X and calculated by MSIS are in good agreement. H vmr is larger in 291 
the winter hemisphere than it is in the summer hemisphere. In the upper thermosphere, the 292 
seasonal amplitude of both H vmr and H number density (not shown) is on the order of a factor 293 
of ~ 2. 294 
Figure 6 shows the diurnal variation of hydrogen density at 45oS and 0o longitude, on 295 
December 1st, under solar minimum and geomagnetically quiet conditions, simulated by 296 
WACCM-X (figure 6a), and calculated by MSIS (figure 6b). The diurnal variations in WACCM-297 
X and MSIS are in general agreement: H density is larger at night than it is during daytime; H 298 
density maximizes at ~ 3am, and minimizes in the afternoon, ~ 3pm for MSIS but later for 299 
WACCM-X, ~ 5pm. In the upper thermosphere, the diurnal amplitude is on the order of a factor 300 
of ~ 2. 301 
 302 
4. Discussion 303 
In the mesosphere, hydrogen is primarily produced as a result of the photolysis of water 304 
vapor (H2O) by Lyman-Į. Water enters the middle atmosphere through transport from the 305 
troposphere and oxidization of CH4 in the stratosphere [Brasseur and Solomon, 2005]. The 306 
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maximum mixing ratio of H2O in the middle atmosphere occurs in the lower mesosphere. In the 307 
mesopause region, there is more H2O in summer than in winter due to the upwelling of the 308 
mesospheric meridional circulation [e.g., Rong et al., 2010]; this combined with the longer 309 
periods of daylight leads to more production of atomic hydrogen. Another example of the close 310 
relation between atomic hydrogen and H2O concentration is the depletion of H in the summer 311 
polar region.  Siskind et al. [2008] analyzed H retrieved from SABER observations and found 312 
that there is a surprising decrease of H in the polar region in the summer hemisphere, and model 313 
simulations showed that it is caused by the sequestering of H2O by the formation of polar 314 
mesospheric clouds.  315 
In the thermosphere, the charge exchange reactions that affect atomic hydrogen have a 316 
relatively small contribution to the total hydrogen budget compared to dynamics. Vertical winds 317 
are critically important for thermospheric major species, since their strongest gradients are in the 318 
vertical. However, H has a scale height of 200 km ± 800 km in the isothermal upper 319 
thermosphere, and thus is less directly influenced by vertical winds than the major species since 320 
the H mixing ratio is fairly uniform with altitude. Therefore, it might be reasonable to assume 321 
that H would undergo relatively few changes in the upper thermosphere. However, we have seen 322 
from figures 1-6 that in the upper thermosphere, atomic hydrogen density varies on time scales 323 
of solar cycle, seasonal, and diurnal by factors of ~ 10, ~ 2, and ~ 2, respectively. Therefore, the 324 
question is what processes drive such large variability? What determines the transition of H 325 
abundance from the seasonal and solar cycle structure in the mesopause region that is more 326 
characteristic of the middle atmosphere to the opposite seasonal and solar cycle variability in the 327 
thermosphere? 328 
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Atomic hydrogen concentration is determined by the hydrogen continuity equation, with 329 
terms including horizontal and vertical advections, photochemical production and loss, eddy 330 
diffusion, and molecular diffusion. Since H is the lightest species, its molecular weight is 331 
significantly different from the mean molecular mass. Therefore, the molecular diffusion process 332 
is worth mentioning here. According to Banks and Kockarts [1973], the diffusing of a minor 333 
species, such as H, through a background atmosphere composed of the dominant species (N2, O2, 334 
O) can be expressed as:                        335 
                            ܺ஽ ൌ ଵఘబ డడ௭ O?ߩ଴ܦఓ డఓడ௭O? െଵఘబ డడ௭ O?ߩ଴ߤݓ஽O?                                 (1) 336 
and                          337 
                            ݓ஽ ൌ ஽ഋ௛ O㨃? െ௛௛ഋO?                                                                  (2) 338 
:KHUHȝLVWKHK\GURJHQPL[LQJUDWLR z is the vertical coordinate, ߩ଴ is the atmosphere mass 339 
density. ܦఓ is the molecular diffusion coefficient, which is dependent on the mean molecular 340 
mass of the major species, the molecular mass of the minor species, total number density, and 341 
temperature [Banks and Kockarts, 1973]. It is important to note that, in an atmospheric 342 
numerical model, the continuity, momentum, and energy equations are often expressed using the 343 
mixing ratio of a species instead of number density since the simple compression of air modifies 344 
the number density but not the mixing ratio. Consequently, using the mixing ratio simplifies the 345 
equations so that the equations can more easily be solved numerically.  ݄ ൌ ௞்ெ௚  is the scale 346 
height of the background atmosphere, and ݄ఓ ൌ ௞்ெഋ௚ is the scale height of atomic hydrogen. k is 347 
WKH%ROW]PDQQ¶Vconstant, g is the acceleration of gravity, and ܯ and ܯఓ are the mean molecular 348 
mass of the background atmosphere and the molecular mass of hydrogen, respectively. It is 349 
evident from equations (1) and (2) that molecular diffusion includes a diffusive term that 350 
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depends on the mixing ratio gradient, and a second term that measures the diffusive separation 351 
between hydrogen and the background gas. ݓ஽ is essentially the diffusive separation velocity. It 352 
is determined by the relative mass of a species and the background atmosphere, so that molecules 353 
that are heavier than the background atmosphere drift downward while those that are lighter drift 354 
upward. Since H is the lightest species, its molecular weight is significantly different from the 355 
mean molecular mass; its diffusive separation velocity ݓ஽ is the largest among all species.  356 
It is evident that when a minor species diffuses through a background atmosphere, both the 357 
eddy diffusive mixing term and the diffusive separation term (equation (1)) depend on the 358 
densities of the major species.  Atomic hydrogen density itself also depends on the densities of 359 
the major species since it is the multiplication of its volume mixing ratio and the total number 360 
density of the major species. Therefore, various complex dynamical processes, including both 361 
the minor species diffusion process, which is specific to the minor species, as well as major 362 
species dynamics, should play role in determining atomic hydrogen abundance and its 363 
variability. We hypothesize that the diffusive separation velocity term and how it reacts to major 364 
species dynamics might be the mechanism that drives the large and unique variability of 365 
hydrogen in the thermosphere. Our future work is to conduct diagnostic analysis to understand 366 
the physical processes that drives these large, unique variabilities of hydrogen on various time 367 
scales. 368 
 369 
5. Summary 370 
It is important to advance our understanding of hydrogen variability in the upper atmosphere 371 
in order to advance our understanding of WKH (DUWK¶V FOLPDWH WKH Pagnetosphere and 372 
SODVPDVSKHUHDQGWKH(DUWK¶VZDWHUEXGJHW Recent comparisons of H specified by MSIS and the 373 
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H density retrieved from GUVI indicate that during daytime conditions, MSIS appears to 374 
overestimate H density in the upper thermosphere by ~ 50% for both solar minimum and solar 375 
maximum conditions [Waldrop and Paxton, 2013].  376 
The availability of the atomic hydrogen dataset retrieved from SABER from 2002 to 2017, 377 
and the whole atmosphere model WACCM-X [Liu et al., 2017] provide us the opportunity to 378 
investigate hydrogen variability from the mesopause region to the upper thermosphere, to assess 379 
the hydrogen specification in MSIS, and provide knowledge and guidance to improve the 380 
specification of the hydrogen vertical profile and its variability in MSIS. We conducted 381 
WACCM-X simulations to examine atomic hydrogen and its variability from the mesopause to 382 
the upper thermosphere, on solar cycle, seasonal, and diurnal time scales. We compared model 383 
simulation results to the H abundance retrieved from SABER observations in the mesopause 384 
region, and to the H specified by MSIS from the mesopause region to the upper thermosphere. 385 
We found that: 386 
(1) In the mesopause region (~ 85 ± 95 km), SABER observations and WACCM-X 387 
simulations show that there is slightly more hydrogen at solar minimum than at solar maximum. 388 
On a global average basis, the solar cycle amplitudes of H density are on the order of ~ 10% and 389 
~ 5%, from SABER observations and WACCM-X simulations, respectively.  390 
(2) WACCM-X simulations show that H switches the sign of its solar cycle dependence 391 
twice: in the altitude range ~ 95 ± 130 km, there is more hydrogen at solar maximum than at 392 
solar minimum, inverse to the regions above and below. This result is supported by simulation 393 
results from the global mean version of the NCAR/TIME-GCM. On a global average basis, the 394 
solar cycle amplitude of H density in this region simulated by WACCM-X is on the order of ~ 395 
10%. This switch in the sign of solar cycle dependence is not seen in MSIS, where there is more 396 
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hydrogen at solar minimum than at solar maximum, from the mesopause through the upper 397 
thermosphere. Although there is no observational evidence yet that the solar cycle variability of 398 
H in the lower thermosphere (95±130 km) is different from the solar cycle variability in the 399 
upper thermosphere, the qualitative agreement between GLBM and WACCM-X is significant 400 
and is worth further exploration. 401 
(3) In the upper thermosphere, both MSIS and WACCM-X indicate that there is about an 402 
order of magnitude higher hydrogen density at solar minimum than at solar maximum. The solar 403 
cycle amplitude of H density simulated by WACCM-X is in good agreement with that calculated 404 
by MSIS. It is on the order of ~ 10 from both MSIS and WACCM-X.  405 
(4) In the mesopause region (~ 85 ± 95 km), the seasonal variation of atomic hydrogen 406 
simulated by WACCM-X is in good agreement with what is derived from SABER observations. 407 
Atomic hydrogen vmr is larger in the summer hemisphere than it is in the winter hemisphere. 408 
However, atomic hydrogen vmr specified by MSIS is larger in the winter hemisphere than in the 409 
summer hemisphere, which contradicts the simulations by WACCM-X and the observations by 410 
SABER. MSIS developers are aware of the issues regarding H (and other species), due the 411 
limitations of previous data sets.  These will be addressed in future versions of the MSIS model 412 
[Douglas P. Drob, personal communication, 2017]. 413 
(5) The seasonal dependence of H mixing ratio simulated by WACCM-X changes sign at ~ 414 
130 km. Above ~ 130 km, the seasonal dependence of H vmr simulated by WACCM-X and 415 
calculated by MSIS are in good agreement. H vmr is larger in the winter hemisphere than it is in 416 
the summer hemisphere. The seasonal amplitude of both H vmr and H density is on the order of 417 
a factor of ~ 2. 418 
 20 
(6) The diurnal variation of atomic hydrogen density simulated by WACCM-X is consistent 419 
with what is calculated by MSIS. Hydrogen density is larger during nighttime than it is during 420 
daytime; hydrogen density maximizes at ~ 3 am in both WACCM-X and MSIS, and it minimizes 421 
at ~ 3 pm for MSIS but later for WACCM-X, ~ 5pm. In the upper thermosphere, the diurnal 422 
amplitude of H density is on the order of ~ 2. 423 
In addition to the large variabilities on various time scales, the behavior of atomic hydrogen 424 
is unique compared to the major species. For example, the current WACCM-X simulations 425 
indicate that no major species in the thermosphere switches solar cycle dependence as hydrogen 426 
does. On the other hand, both the hydrogen diffusion processes and atomic hydrogen density 427 
itself depend on the densities of the major species. Therefore, various complex dynamical 428 
processes, including both the minor species diffusion process, as well as major species dynamics, 429 
likely play a role in determining atomic hydrogen abundance and its variability. Future work will 430 
investigate how dynamical forcing acts differently for the major species and atomic hydrogen to 431 
drive this behavior, and thus to deepen our understanding of the thermosphere dynamics. 432 
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 564 
Figure 1: Solar-cycle variation of global annual average hydrogen in the mesopause region. 565 
(a) SABER H vmr for 2003 and 2008; (b) H vmr simulated by WACCM-X under solar 566 
maximum (F10.7=200) and solar minimum (F10.7=70) conditions; (c) same as (a), but for H 567 
number density; (d) same as (b), but for H number density. 568 
 569 
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 570 
Figure 2: Solar cycle variations (F10.7=70 versus F10.7=200) of hydrogen density. (a) 571 
Calculated by MSIS; (b) simulated by WACCM-X and GLBM; (c) difference between solar 572 
minimum and maximum conditions (max-min)/min; (d) simulated by WACCM-X in the altitude 573 
region ~ 100 ± 130 km; 574 
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Figure 3: Yaw-cycle averaged zonal-mean hydrogen vmr (ppmv) derived from SABER 576 
measurements. (a) The yaw cycle that includes the December solstice in 2003; (b) the yaw cycle 577 
that includes the June solstice in 2003; (c) the yaw cycle that includes the December solstice in 578 
2007; (d) the yaw cycle that includes the June solstice in 2008. 579 
 580 
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 581 
Figure 4: 2-month averaged zonal-mean hydrogen vmr (ppmv) simulated by WACCM-X 582 
under solar minimum and maximum, and geomagnetically quiet conditions. (a) December and 583 
January averages representing the December solstice at solar maximum; (b) June and July 584 
averages representing the June solstice at solar maximum; (c) December and January averages 585 
representing the December solstice at solar minimum; (b) June and July averages representing 586 
the June solstice at solar minimum. 587 
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 588 
Figure 5: Zonal-mean vertical profiles of hydrogen vmr at 50oS and 50oN, under solar 589 
maximum (F10.7=200) and geomagnetically quiet conditions. (a): December and January 590 
averages, specified by the MSIS; (b): December and January averages, simulated by the 591 
WACCM-X; (c): June and July averages, specified by the MSIS; (b): June and July averages, 592 
simulated by the WACCM-X. 593 
 594 
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 596 
Figure 6: Diurnal variation of hydrogen density on December 1st, under solar minimum and 597 
geomagnetically quiet conditions, at (lat=45oS, lon=0o). (a) Simulated by WACCM-X; (b) 598 
calculated by MSIS. 599 
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